Proper chromosome segregation during cell division is essential for proliferation, and this is facilitated by kinetochores, large protein complexes assembled on the centromeric region of the chromosomes. Although the sequences of centromeric DNA differ totally among organisms, many components of the kinetochores assembled on centromeres are very well conserved among eukaryotes. To define the identity of centromeres, centromere protein A (CENP-A), which is homologous to canonical histone H3, acts as a landmark for kinetochore assembly. Kinetochores mediate spindle-microtubule attachment and control the movement of chromosomes during mitosis and meiosis. To conduct faithful chromosome segregation, kinetochore assembly and microtubule attachment are elaborately regulated. Here we review the current understanding of the composition, assembly, functions and regulation of kinetochores revealed mainly through studies on fission and budding yeasts. Moreover, because recent cumulative evidence suggests the importance of the regulation of the orientation of kinetochore-microtubule attachment, which differs distinctly between mitosis and meiosis, we focus especially on the molecular mechanisms underlying this regulation.
Introduction
To transmit genetic information to daughter cells, replicated chromosomes, called sister chromatids, must be precisely segregated. The dynamic process of chromosome segregation is mediated by chromosome-microtubule interaction through kinetochores formed on centromeric DNA. Recent studies have revealed the molecular details of the components and functions of kinetochores. The budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe might be the best model organisms in this field because of their relative simplicity. However, these two yeasts have very different centromeric structures. Budding yeast has a point centromere defined by a 125-bp CEN sequence (Clarke & Carbon, 1980) , while in fission yeast, the centromeric DNA spans more than 40 kb of DNA (Chikashige et al., 1989) , assembling a regional centromere that is more similar to that of higher eukaryotes (Cleveland et al., 2003; Black & Bassett, 2008) . Although the centromeric DNA features are totally different, many components of the kinetochores assembled on centromeres are very well conserved throughout organisms. In this review, we outline the current status of yeast kinetochore studies.
Defining the location of the kinetochore
Although centromeric DNA varies greatly in sequence among different species, centromeric nucleosomes commonly contain a histone H3 variant Cse4/Cnp1/CENP-A ( Fig. 1 ) (reviewed by, among others, Kitagawa & Hieter, 2001; Henikoff & Dalal, 2005; Black & Bassett, 2008; Wang et al., 2008) . CENP-A nucleosomes function as a scaffold on which other kinetochore proteins assemble. The point centromere of budding yeast provides an excellent model for studying how the centromeric region is defined (Meluh et al., 1998) . There are three conserved elements in budding yeast CEN DNA: CDE (centromere DNA element) I, CDEII and CDEIII (Kiermaier et al., 2009) . Previous studies have revealed several factors that bind directly to these regions. CBF1 (centromere-binding factor 1), a helix-loop-helix, binds to CDEI, whereas CBF3, which comprises four proteins, Ndc10, Ctf13, Cep3 and Skp1, binds to the CDEIII region (Connelly, 1996; Cam et al., 2008; Sarkar et al., 2013) . Importantly, CBF3 is required for the association of CENP-A with centromeric DNA, possibly through a direct interaction between Ndc10 and the CENP-A chaperon Scm3 (Cho & Harrison, 2012) . In contrast to point centromeres, the regional centromeres seen in fission yeast and higher eukaryotes are defined by epigenetic mechanisms rather than the DNA sequence itself. Consistent with this, a functional neocentromere (a centromere formed at a noncentromeric site on the chromosome) can be formed if the endogenous centromeric DNA is lost (Ishii et al., 2008) . Fission yeast centromeres, like those of most higher eukaryotes, consist of a central core region (cnt and imr) where the Cnp1-containing nucleosomes exist, and flanking repetitive sequences (otr) that assemble heterochromatin ( Fig. 1) (Allshire, 1995) . The human centromere is much longer (c. 0.5-4.0 Mb), and contains alternative blocks of CENP-A nucleosomes and canonical histone H3 nucleosomes ( Fig. 1) (Wevrick & Willard, 1989; Willard, 1990) .
The mechanism of Cnp1/CENP-A deposition on centromeres has been studied extensively in fission yeast. For example, the Mis6/Sim4 complex is localized at centromeres and is required for the centromeric association of Cnp1 (Takahashi et al., 2000; Pidoux et al., 2003) . Another factor required for Cnp1 deposition is the Mis16-Mis18 complex, which may keep centromeric histones deacetylated (Hayashi et al., 2004) . Both Mis6 and Mis16 complexes are reported to be required for the centromeric localization of Scm3, which is also required for Cnp1 deposition in fission yeast centromeres (Pidoux et al., 2009; Hinshaw & Harrison, 2013) . Therefore, as in budding yeast, the centromeric localization of the CENP-A chaperon Scm3 may be the central regulatory feature of Budding yeast has a point centromere, which is defined by a 125-bp sequence and is occupied by a single CENP-A (CSe4) nucleosome. Schizosaccharomyces pombe and human have regional centromeres that are flanked by pericentromeric heterochromatin. In Schizosaccharomyces pombe, a multiple number of CENP-A (Cnp1)-containing nucleosomes are assembled onto unique sequences (cnt and imr). Human centromeres consist of a-satellite DNA arranged in tandem into higher order repeats (each arrow), and some a-satellite DNA contains CENP-B binding sites (CENP-B box). CENP-A localizes to a portion of these arrays. The number of microtubule attachment sites also varies among organisms. CENP-B is a highly conserved centromere protein in mammals and binds to a 17-bp motif in a CENP-B box. It has been shown that a-satellite DNA with a CENP-B box is responsible for de novo centromere assembly in human somatic cells (Masumoto et al., 2004) , although mice lacking CENP-B are viable (Hudson et al., 1998) . Fission yeast also has CENP-B homologues, Abp1, Cbh1 and Cbh2. The regulatory roles of these homologs in centromere specification remains elusive; however, they regulate genome stability through replication, heterochromatin integrity and silencing retrotransposons (Murakami et al., 1996; Halverson et al., 1997; Irelan et al., 2001; Cam et al., 2008) .
the centromeric deposition of Cnp1, which forms a base for kinetochore assembly. Many of the factors required for Cnp1 deposition at the centromere in fission yeast are evolutionally conserved, and are known to be essential for the centromeric localization of CENP-A in human cells as well (Stellfox et al., 2013) .
Kinetochore assembly
Because of recent progress in identifying the protein components of kinetochores, we now know of more than 50 proteins that assemble on kinetochores (Obuse et al., 2004; Cheeseman et al., 2006 Cheeseman et al., , 2008 Foltz et al., 2006; Izuta et al., 2006; Okada et al., 2006; . The kinetochore is roughly divided into two parts, the inner kinetochore and the outer kinetochore. Proteins that form the inner kinetochore interact with centromeric chromatin while the outer kinetochore proteins contribute to a microtubule-binding interface. In this section and Fig. 2 , we briefly summarize the known functions of several important kinetochore proteins. More details concerning the composition of kinetochore factors and their conservation can be found by referring to the following excellent reviews (Ogiyama & Ishii, 2012; Funabiki & Wynne, 2013; Roy et al., 2013; .
Inner kinetochore proteins
Cse4/Cnp1/CENP-A The centromere-specific histone H3 variant Cse4/Cnp1/ CENP-A is thought to be the landmark for kinetochore assembly. In fact, CENP-A is required for the localization of almost all kinetochore proteins. A recent report showed that if CENP-A or the CENP-A chaperon HJURP, which is thought to be a homolog of Scm3, is artificially tethered to noncentromeric regions through the LacO-LacI system, kinetochore assembly is induced on that noncentromere locus in both mammalian and Drosophila cultured cells (Barnhart et al., 2011; Mendiburo et al., 2011) . In addition, in Xenopus egg extracts, kinetochore proteins assemble on CENP-A-containing polynucleosomes, but not on H3-containing polynucleosomes in vitro (Guse et al., 2011) . These results further suggest that CENP-A acts as an epigenetic marker for kinetochore assembly.
Cnn1/Cnp20/CENP-T CENP-T was originally identified by MS analysis in CENP-A-containing polynucleosomes (Foltz et al., 2006) . CENP-T possesses a histone-fold domain and forms a complex with CENP-S, X and W (Amano et al., 2009; Nishino et al., 2012) . This complex is suggested to form a nucleosome-like structure to interact with DNA (Nishino et al., 2012; Yang et al., 2012) . Formation of a CENP-T, W, S and X tetramer is suggested to be essential for the establishment of centromeric chromatin to form an intact kinetochore (Gascoigne et al., 2011; Nishino et al., 2012) .
Mammalian CENP-T has been shown to interact directly with the Ndc80 complex composed of Ndc80, Nuf2, Spc24 and Spc25 through its extended N terminus, and is required for kinetochore binding of the Ndc80 complex (Nishino et al., 2013) . Cnn1, recently described in budding yeast CENP-T, also interacts directly with the Ndc80 complex (Bock et al., 2012; Schleiffer et al., 2012) . Artificial tethering of Cnn1 allows the segregation of minichromosomes lacking centromeres (Schleiffer et al., CENP-C interacts directly with the CENP-A nucleosome. CENP-C also binds to Nnf1, a subunit of the Mis12 complex, suggesting that CENP-C can act as a mediator of CCAN and outer KT proteins (KMN network). CENP-T also binds the Ndc80 complex. This interaction is required for kinetochore localization of the Ndc80 complex, suggesting that CENP-T, like CENP-C, can also mediate the interaction between centromeric chromatin and outer KT proteins. Note that CENP-T and the Mis12 complex are competing binding partners for the Ndc80 complex (shown by red box) (Bock et al., 2012; Schleiffer et al., 2012) . The Ndc80 complex and the N-terminal basic residues of Knl1 have microtubule binding activity, and thus act as interfaces for kinetochore-microtubule interaction. The Dam1 complex in both budding yeast and fission yeast is thought to support these interactions. In human, the Ska complex might be the functional homolog of the Dam1 complex.
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). This result suggests that Cnn1/CENP-T recruits the Ndc80 complex, which plays the central role in the formation of microtubule attachment sites. Cnn1 inhibits the interaction among the KMN (KNL1/Mis12 complex/ Ndc80 complex) network (see below) by competitively binding to the Ndc80 complex, especially during anaphase (Bock et al., 2012; Schleiffer et al., 2012) .
Mif2/Cnp3/CENP-C
The inner kinetochore protein Mif2/Cnp3/CENP-C serves as a structural hub for kinetochore assembly (Przewloka et al., 2011; Screpanti et al., 2011) . In both budding and fission yeast, CENP-C localization is dependent on CENP-A (Westermann et al., 2003; Tanaka et al., 2009) . In budding yeast, the CBF3 complex is also required for the kinetochore localization of CENP-C (Meluh & Koshland, 1997) , and Mif2/CENP-C then interacts with Cse4/ CENP-A (Pinsky et al., 2003) . In both budding and fission yeast, Mif2/Cnp3/CENP-C recruits Iml3/Fta1/ CENP-L to the kinetochore through direct interaction (Tanaka et al., 2009; Hinshaw & Harrison, 2013) . The overexpression of Fta1 largely suppresses the chromosome segregation defects in cnp3Δ cells, suggesting that the primary function of Cnp3 is to recruit Fta1 to kinetochores, which play a central role in microtubule attachment (Tanaka et al., 2009) . Fission yeast Cnp3 has an additional role in recruiting the Pcs1-Mde4 complex and Moa1 to kinetochores (Tanaka et al., 2009 ) (see also Fig. 6 ). The Pcs1-Mde4 complex recruits condensin complexes at the central core region of centromeres (Tada et al., 2011) . This condensin complex plays a pivotal role in preventing the erroneous attachment of kinetochores, such as merotelic attachment, possibly by clamping microtubule attachment sites. Moa1 is a meiosis-specific kinetochore protein that plays an essential role in the regulation of reductional segregation in meiosis I (see below).
Outer kinetochore proteins Ndc80 complex
The Ndc80 complex, which has been shown to assist load-bearing microtubule attachment (Powers et al., 2009) , is composed of the Ndc80/Hec1-Nuf2 and Spc24-Spc25 dimers. Both Ndc80-Nuf2 and Spc24-Spc25 have a globular head and a long coiled-coil domain (Wigge & Kilmartin, 2001; Bharadwaj et al., 2004; McCleland et al., 2004) , and together form a dumb-bell-shaped tetramer through their coiled-coil domains (Wei et al., 2005) . The globular heads of Ndc80 and Nuf2 contain a pair of tightly interacting calponin-homology (CH) domains (Wei et al., 2007; Alushin et al., 2010) that might represent the microtubule-binding surface. In addition to the CH domain, a positively charged region in the N-terminal tail of Ndc80 is also important for microtubule binding (Guimaraes et al., 2008; Miller et al., 2008) . Consistent with this, mutations in the CH domain or deletion of the positively charged region within the N-terminal tail both impair the microtubule binding activity of the Ndc80 complex in vitro Ciferri et al., 2008) .
The Ndc80 complex-microtubule interaction seems to be regulated via phosphorylation of the N-terminal tail of Ndc80 by the conserved kinase Ipl1/Ark1/Aurora B (see below). Aurora B phosphorylates Ndc80 to detach microtubules from kinetochores, which is essential for correction of erroneous attachment DeLuca et al., 2006; Akiyoshi et al., 2009) . The Aurora B phosphorylation sites reside in the N-terminal tail of Ndc80, and their phosphorylation causes microtubule detachment, possibly by changing the electric properties of the positively charged region. Structural analyses suggest that the N-terminal tail of Ndc80 contains a unique short loop consisting of c. 100 amino acids flanked by its coiled coils Wang et al., 2008) . This internal loop region of Ndc80 within the N-terminal tail also contributes to kinetochore-microtubule attachment by recruiting attachment regulators to the kinetochore, such as the Dam1 complex in budding yeast, tumor overexpressed genes in fission yeast, and Ska1 or Cdt1 in human (Hsu & Toda, 2011; Maure et al., 2011; Varma et al., 2012; Zhang et al., 2012; Tang et al., 2013) .
The globular domain of the Spc24-Spc25 dimer connects the Ndc80 complex to the inner kinetochore complex through direct interaction with CENP-T or the Mis12 complex (Petrovic et al., 2010; Gascoigne et al., 2011; Malvezzi et al., 2013; Nishino et al., 2013) .
Mis12 complex
The Mis12 complex contains four subunits, including Mtw1/Mis12, Dsn1/Mis13, Nsl1/Mis14 and Nnf1. In budding yeast, Cse4 and Ndc10 play a role in kinetochore recruitment of the Mis12 complex (Pinsky et al., 2003) . In fission yeast, but not in budding yeast, Spc105/Spc7/ KNL1 is required for the kinetochore localization of Mis12 (Kerres et al., 2007) . Although the precise function of the Mis12 complex has not been fully addressed, it acts as a platform for the formation of the KMN network complex , and connects other outer kinetochore components to the inner kinetochore through direct binding with CENP-C (Screpanti et al., 2011) . Along with KNL1, Nsl1 interacts with the Spc24-Spc25 complex in mammalian cells (Petrovic et al., 2010) , whereas budding yeast Dsn1 immunoprecipitates with Mif2 and Cse4 (Pinsky et al., 2003) . Dsn1 has an auxiliary role in kinetochore-microtubule attachment through the phosphorylation of Dsn1 by Aurora B (Welburn et al., 2010) .
Spc105/Spc7/KNL1
Spc105/Spc7/KNL1 has a conserved microtubule-binding domain in its N terminus, the binding ability of which is regulated by its phosphorylation by Aurora B Welburn et al., 2010) . KNL1 also has a binding site for the protein phosphatase PP1 in its N terminus . PP1 requires KNL1 for its localization to kinetochores. In human cells, PP1 antagonizes the Aurora B-dependent phosphorylation of some kinetochore proteins such as Ndc80, which results in the stabilization of kinetochore-microtubule attachment . Thus, KNL1 contributes to the regulation of kinetochore-microtubule attachment by recruiting PP1 to kinetochores. Moreover, in yeast and Caenorhabditis elegans, PP1 located at the kinetochores also plays a role in silencing the spindle checkpoint by dephosphorylating spindle assembly checkpoint (SAC) components (Meadows et al., 2011; Rosenberg et al., 2011; Espeut et al., 2012) . SAC is a safeguard system to prevent the separation of sister chromatids until each kinetochore is properly attached to the spindle emanating from both poles to produce tension between sister kinetochores. In addition to recruiting PP1, KNL1 also plays a pivotal role in the SAC by recruiting Bub1 and Mad3/BubR1 (see section 'Kinetochore as a platform for SAC activation').
Dam1/DASH complex
The Dam1 complex is composed of 10 subunits, all of which are essential for cell growth in budding yeast (Cheeseman et al., 2001; Janke et al., 2002; Li et al., 2005) . Electron microscopy studies have shown that the Dam1 complex forms a ring structure around microtubules (Westermann et al., 2005 ). An essential function of the Dam1 complex is thought to couple chromosome movement to microtubule depolymerization. Dam1 complex-coated beads follow growing or shrinking microtubule ends in vitro (Asbury et al., 2006) . Importantly, artificially tethering the Dam1 complex to DNA is sufficient to segregate DNA in budding yeast (Kiermaier et al., 2009; Lacefield et al., 2009) . The kinetochore localization of the Dam1 complex depends on its direct binding to the internal loop of Ndc80 (Maure et al., 2011) , consistent with the notion that the Dam1 complex couples the movement of cargo to depolymerizing microtubules.
In contrast to budding yeast, the Dam1 complex homolog in fission yeast (DASH complex) is not essential for viability (Sanchez-Perez et al., 2005) . This difference may be attributable to the number of microtubule attachment sites per kinetochore (Burrack et al., 2011) . Although a direct homolog of the Dam1 complex has not been identified in higher eukaryotes, the Ska complex is proposed to be the functional homolog of the Dam1 complex in humans (Welburn et al., 2009; Jeyaprakash et al., 2012) .
Kinetochore-microtubule attachment and kinetochore orientation
The attachment of microtubules to kinetochores is essential for the alignment and segregation of chromosomes. The crucial difference between budding yeast and fission yeast in kinetochore-microtubule attachment is the number of microtubules attaching to one kinetochore. Electron microscopic analyses have revealed that one kinetochore is attached by one microtubule in budding yeast (Peterson & Ris, 1976; King et al., 1982) , whereas one kinetochore is attached by several microtubules in fission yeast (Ding et al., 1993) , as is also the case in higher eukaryotes (Rieder, 1982; McEwen et al., 1997) .
The faithful segregation of sister chromatids is accomplished by microtubules capturing sister kinetochores from opposite spindle poles, a process called amphitelic attachment (sister chromatids are bi-oriented). However, during the early stages of chromosome alignment, microtubules from one spindle pole temporarily attach to either or both sister kinetochores. These modes of attachment are called monotelic or syntelic attachment, respectively. In both cases, sister chromatids are attached to one pole. In addition, in fission yeast, another mode of attachment, known as merotelic attachment, occurs during alignment in which one sister kinetochore is simultaneously attached by microtubules emanating from both poles (Fig. 3) . In the following sections, we review the current understanding of how the bi-orientation of sister kinetochores is established through the correction of erroneous attachments.
Correction of erroneous kinetochoremicrotubule attachments
During mitosis, undesirable attachments such as syntelic or merotelic attachments are usually corrected into amphitelic attachments by the onset of anaphase. Aurora B kinase plays a central role in this correction mechanism. The budding yeast Aurora B homolog, Ipl1, was identified in a screen for mutants showing an increase-in-ploidy (ipl1) phenotype (Chan & Botstein, 1993) . Subsequently, it was shown that Ipl1 promotes the turnover of kinetochoremicrotubule attachments until sister kinetochores establish amphitelic attachment (bi-orientation) . Ipl1 performs this function by phosphorylating substrates that play roles in kinetochore-microtubule attachments, including Ndc80, Knl1 and Dam1, all of which are essential for kinetochore-microtubule attachment and faithful chromosome segregation (Cheeseman et al., 2002; DeLuca et al., 2006; Welburn et al., 2010) . The current model to explain how Aurora B discriminates erroneous attachments suggests that this process is mediated by the tension between sister kinetochores that is generated by cohesion between sister chromatids opposing the pulling forces by microtubules from opposite poles (Tanaka, 2010) . Aurora B localizes between sister kinetochores at sites corresponding to the pericentromeric heterochromatin region in fission yeast and to the inner centromere in mammalian cells. Aurora B localizes to this region as a component of the chromosomal passenger complex (CPC), which includes Ipl1/Ark1/Aurora B, Bir1/Survivin, Sli15/Pic1/INCENP and Nbl1/Borealin (Ruchaud et al., 2007) , where it generates a phosphorylation gradient centered at the inner centromeres (Wang et al., 2011) . In incorrect attachments where the tension between sister kinetochores is not sufficient, erroneous attachment sites become closer to the inner centromeres. Therefore, Aurora B substrates at kinetochore-microtubule attachment sites are phosphorylated, resulting in the destabilization of kinetochoremicrotubule attachment ( Fig. 4 ; Liu et al., 2009) . Once amphitelic attachment is established, the distance between Aurora B and its substrates increases due to the pulling forces of microtubules. The kinetochore substrates are dephosphorylated by PP1 phosphatase, which localizes at kinetochores by binding to Knl1, resulting in the further stabilization of attachment . PP2A phosphatase, which is recruited to kinetochores via BubR1, also stabilizes the attachment by dephosphorylating kinetochore substrates ( Fig. 4 ; Foley et al., 2011; Suijkerbuijk et al., 2012) . However, a recent study has shown that in the budding yeast mutant sli15/INCENP, which is defective in its interaction with Bir1/Survivin, Ipl1/Aurora B cannot localize at centromeres, but there is no growth defect (Campbell & Desai, 2013) . In this sli15 mutant, the CPC shows premature localization on the spindle leading to Ipl1 activation on the spindle instead of at the centromere, suggesting that centromere localization of the CPC may not be essential for error correction (Campbell & Desai, 2013) . Thus, the molecular details of the Aurora B-dependent error collection mechanism are still under debate, especially in budding yeast.
Molecular mechanisms underlying the centromeric localization of the CPC
Except for in budding yeast, CPC localization at the inner centromere, i.e. between sister kinetochores, is essential for the proper correction of erroneous kinetochoremicrotubule attachments. The molecular details underlying the centromeric localization of the CPC have been well characterized in fission yeast, and the essential mechanisms are conserved in vertebrate cells.
Hrk1/Haspin is an evolutionally conserved kinase that phosphorylates histone H3 at threonine 3 during mitosis (Fig. 5) . Phosphorylated H3-T3 interacts directly with Bir1/Survivin, one of the CPC subunits, through the conserved BIR domain (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010; Jeyaprakash et al., 2011) . Hrk1/ Haspin localizes on chromatin by interacting directly with the cohesin-associated protein Pds5 ( Fig. 5 ; Yamagishi et al., 2010) , and thus accumulates along the chromatin where cohesin complexes exist. It has also been shown 
Monotelic
Merotelic Fig. 3 . Types of kinetochore-microtubule attachment. In mitosis (or meiosis II), sister kinetochores are separated and oriented in a back-to-back configuration. As a result, sister kinetochores are captured by microtubules emanating from opposite poles, and this results in amphitelic attachment: chromosomes become bi-oriented. However, mono-orientation can occur if either one or both sister kinetochores are captured by microtubules emanating from one pole, which gives rise to monotelic or syntelic attachment, respectively. If a kinetochore is bound by microtubules from both poles (merotelic attachment), the chromosomes will be bi-oriented, but this may lead to mis-segregation and aneuploidy. These kinds of erroneous attachments are mostly corrected by Aurora B kinase. Fig. 3 ). In these cases, the attachment sites are in close proximity to Aurora B activity, which peaks at the inner centromeres, so attachment becomes unstable. However, once two kinetochores are captured by spindles emanating from opposite poles, the tension that is generated across the centromeres moves the attachment sites away from Aurora B. Simultaneously, this movement facilitates the association of protein phosphatase 1 (PP1) with the KMN component KNL1. Tension also acts to redistribute PP2A from the inner centromere to the kinetochore side. Thus, the increased distance from Aurora B and the enrichment of phosphatase activity (purple area) may act cumulatively to dephosphorylate the KMN network, thereby stabilizing only correct attachment. , and the localization of Sgo1 at the pericentromeric heterochromatin depends partly on this interaction. In addition to Bub1, Hrk1/Haspin kinase, which is localized at chromatin by binding with cohesin, has also been shown to be crucial for Aurora B (CPC) localization by phosphorylating histone H3 at Thr3 only in M-phase. Phosphorylated H3-T3 interacts directly with the conserved BIR domain of Survivin/Bir1, a subunit of the CPC, and this interaction is important for targeting Aurora B to centromeric nucleosomes. In addition, the phosphorylation by CDK at the N-terminal region of Bir1 in fission yeast or Borealin in human can also facilitate its binding with the coiled-coil region of shugoshin family proteins. In human cells, CDK has also been shown to phosphorylate Sgo1 to facilitate its binding with cohesin (Liu et al., 2013a, b) . Interaction between human Sgo1 and cohesin is thought to be required for the binding of Sgo1 to chromatin (Liu et al., 2013a, b) . PP2A recruited by Shugoshin proteins at the inner centromere cancels the phosphorylation state of cohesins, leading to the protection from separase cleavage in meiosis, and from removal by the prophase pathway in vertebrate mitosis that Hrk1/Haspin phosphorylates H3 in heterochromatic regions, including centromeres in fission yeast, and that this phosphorylation is dependent on cohesin accumulation at heterochromatic regions . The reason that Hrk1/Haspin phosphorylates H3 at heterochromatic regions but not at other cohesin-enriched regions is currently unknown, but heterochromatin itself might contribute to Hrk/Haspin activation.
Bi-orientation

Mitosis
Bub1 is a conserved multifunctional kinase that localizes at kinetochores in mitosis and plays an essential role in assembling SAC components at kinetochores. Another function of Bub1 is the centromeric recruitment of shugoshin, a protein required for sister chromatid cohesion and CPC localization to centromeres. Bub1 phosphorylates histone H2A at serine 121 (threonine 120 in human) in fission yeast ( Fig. 5 ; Kawashima et al., 2010) . Shugoshin proteins associate with nucleosomes containing phosphorylated H2A-S121 through its conserved C-terminal SGO motif, and this interaction is required for the centromeric localization of shugoshin proteins. Fission yeast shugoshin Sgo2 interacts directly with the CPC subunit Bir1 and recruits it to centromeres (Tsukahara et al., 2010) . Because this interaction is dependent on Bir1 phosphorylation by CDK1, CPC localization at centromeres is limited to M-phase of the cell cycle (Fig. 5) .
Genetic analyses in fission yeast have shown that these two pathways mediated by Bub1 and Hrk1/Haspin are redundant in localizing the CPC to centromeres . If both pathways are disrupted, CPC localization decreases at centromeres, resulting in severe chromosome segregation defects that include lagging chromosomes, a hallmark of merotelic attachment, indicating that the correction of erroneous attachments is defective in these cells. These two pathways are well conserved in vertebrate cells; however, the mechanism of conservation in budding yeast remains elusive.
Kinetochore orientation in meiosis
In mitosis, sister kinetochores are bi-oriented, causing sister chromatids to segregate to opposite poles, a process called equational segregation. In this process, all cohesin associated with chromatin is cleaved by separase at the onset of anaphase (Uhlmann, 2009; Nasmyth, 2011) .
In meiosis, a single round of DNA replication is followed by two rounds of successive chromosome segregations called meiosis I and meiosis II. In meiosis I, homologs (a pair of sister chromatids) connected by chiasmata are segregated to opposite poles, while sister chromatids are segregated to the same pole. This type of segregation is called reductional segregation. To achieve this, sister kinetochores must always be captured by microtubules emanating from the same poles, which is called mono-orientation of sister kinetochores. Anaphase in meiosis I is triggered by the cleavage of cohesin as in mitosis. However, in anaphase I, cohesin along the chromosome arm, but not in the pericentromeric regions, is cleaved by separase Kitajima et al., 2003) . Meiotic shugoshin Sgo1 (Sgo2 in vertebrates) protects cohesin from cleavage by recruiting protein phosphatase PP2A to the pericentromeric regions ( Fig. 5 ; Kitajima et al., 2006; Riedel et al., 2006; Lee et al., 2008) . Cohesin persisting at the pericentromeric region is essential for establishing the bi-orientation of sister kinetochores in meiosis II. During the following anaphase II, because the Sgo1 protein is degraded following anaphase I (Kitajima et al., 2004) , sister chromatids can separate to opposite poles as they do in mitosis upon cleavage of persisting cohesin concurrent with separase reactivation.
In the following sections, we review the mechanisms that regulate kinetochore mono-orientation in meiosis I as elucidated mainly in budding and fission yeast.
Regulation of sister kinetochore monoorientation in budding yeast
In budding yeast, the recruitment of the monopolin complex to kinetochores is required for the mono-orientation of sister kinetochores at meiosis I. Monopolin was first identified in functional genomics searches as a factor required for proper chromosome segregation in meiosis (Toth et al., 2000) . The monopolin complex is composed of Mam1, Csm1 and Lrs4, and localizes at kinetochores during meiosis I (Rabitsch et al., 2003) through the direct binding of Csm1 to the kinetochore protein Dsn1 (Sarkar et al., 2013) . In addition, budding yeast CK1 d/e Hrr25 has been shown to bind to Mam1 (Petronczki et al., 2006) . Hrr25 is recruited to kinetochores by Mam1 and its kinase activity has an essential role in sister kinetochore mono-orientation ( Fig. 6 ; Petronczki et al., 2006) . The Hrr25 substrate(s) required for the mono-orientation of sister kinetochores remains elusive; however, the polo-like kinase Cdc5 and Cdc7 kinase have been found to be required for the proper kinetochore localization of monopolin, and thus to be required for mono-orientation at meiosis I ( Fig. 6b ; Katis et al., 2004; Lee et al., 2004; Matos et al., 2008) .
A recent structural study has shown that monopolin has a 'V-shape' comprising Csm1 and Lrs4 (Corbett et al., 2010) , and that each arm of the 'V-shape' is formed by a coiled-coil dimer of Csm1. It has been suggested that Mam1 and Hrr25 bind to each end of this 'V-shape' (Corbett & Harrison, 2012) . From these studies, it is proposed that the V-shape complex of monopolin clamps two sister kinetochores, thus promoting their mono-orientation. However, in fission yeast, the monopolin homolog (comprising Psc1 and Mde4) does not seem to be required for kinetochore mono-orientation in meiosis I ( Fig. 6b ; Gregan et al., 2007) . Rather, it is required for preventing merotelic attachment by recruiting the condensin complex (Tada et al., 2011) . Thus, the V-shaped clump model remains debatable.
Regulation of sister kinetochore monoorientation in fission yeast
In fission yeast, one of the most important regulators of kinetochore mono-orientation is the meiosis-specific cohesin, Rec8. The cohesin complex is composed of two Smc subunits, Smc1 and Smc3, the kleisin subunit, Scc1, and an accessory subunit, Scc3 (Nasmyth & Haering, 2009) . In mitosis, the kleisin subunit of cohesin is Rad21, which is replaced by another kleisin subunit, Rec8, in meiosis. In the rec8-null mutant, Rad21 cohesin is used in place of Rec8 cohesin, promoting equational rather than reductional segregation during anaphase I (Watanabe & Nurse, 1999; Yokobayashi et al., 2003) . This finding implies that Rec8 cohesin is essential for kinetochore mono-orientation. The important difference between the Rad21 and Rec8 cohesins is their localization patterns around centromeres. In mitosis, Rad21 cohesin accumulates specifically in pericentromeric heterochromatin as described above. In contrast, Rec8 accumulates not only in pericentromeric heterochromatin but also in the central core region where the kinetochores assemble (Watanabe et al., 2001) . Consistently, the specific removal of Rec8 from the core centromere leads to kinetochore biorientation at meiosis I (Yokobayashi & Watanabe, 2005) , indicating the essential role of Rec8 for kinetochore mono-orientation.
Another meiosis-specific factor required for kinetochore mono-orientation is Moa1, which was identified during 
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Fission yeast Budding yeast Fig. 6 . The distinct regulation of kinetochore mono-orientation at meiosis I in yeasts. (a) In budding yeast, mono-orientation is accomplished by the action of the monopolin complex, which is composed of Csm1, Lrs4, Mam1 and Hrr25 (see also b). This complex is thought to act as a molecular clamp of sister kinetochores. In contrast, cohesion at the core centromere by the Rec8 cohesin complex is indispensable for monoorientation in fission yeast. In addition, Moa1, a meiosis-specific kinetochore protein, also plays an essential role in cohesion at the core centromeres through Rec8, although the mechanism by which Moa1 regulates Rec8 is unknown. (b) Moa1 can localize at the kinetochore region by binding with CENP-C, whereas the Monopolin complex can localize at kinetochores through binding to Csm1 and Dsn1 (Mis12 complex subunit). Homologs of Csm1 and Lrs4 in fission yeast (Pcs1 and Mde4, respectively) are dispensable for the sister kinetochore mono-orientation at meiosis I; instead, they are required for condensin accumulation at the kinetochore region during mitosis. Note that no apparent homologs of the monopolin complex subunits (other than Hrr25, a conserved casein kinase I homolog) and Moa1 have been found so far in higher eukaryotes. genetic screening for the factor required for reductional segregation at meiosis I ( Fig. 6a ; Yokobayashi & Watanabe, 2005) . Moa1 localizes at kinetochores by binding directly to Cnp3/CENP-C ( Fig. 6b ; Tanaka et al., 2009) . Importantly, cohesion at the core centromere is lost in moa1 and rec8 mutants, causing defects in sister kinetochore monoorientation. Furthermore, artificial tethering at the core centromere restores sister kinetochore mono-orientation and reductional segregation in moa1 and rec8 mutants at meiosis I . Thus, it is concluded that kinetochore mono-orientation is established by joining DNA duplexes together at the core centromeres (Fig. 6) . How Moa1 regulates core centromere cohesion is an important question for future study.
Kinetochore as a platform for SAC activation
In addition to mediating chromosome-microtubule attachment, the kinetochore plays a crucial role as a platform for SAC activation. The SAC is a cell cycle surveillance system that delays the onset of anaphase by inhibiting the anaphase promoting complex (APC) (Rudner & Murray, 1996; Musacchio & Salmon, 2007) . The APC activates separase by degrading securin, an inhibitor of separase (Cohen-Fix et al., 1996; Funabiki et al., 1996) . The SAC detects unattached kinetochores and becomes activated via the accumulation on the kinetochores of the essential SAC components Mps1/Mph1, Bub1, Bub3, Mad1, Mad2 and Mad3/BubR1, which were initially identified during genetic screening in budding yeast (Hoyt et al., 1991; Li & Murray, 1991; Weiss & Winey, 1996; Taylor et al., 1998; Abrieu et al., 2001) . These SAC proteins delay the onset of anaphase by inactivating Cdc20, an activator protein of the APC (Hwang et al., 1998; Kim et al., 1998) . Recent studies have revealed the mechanisms underlying the localization of SAC proteins at kinetochores (London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012) .
Targeting SAC proteins to kinetochores
Among the SAC proteins, Mps1/Mph1 kinase has been shown to be required for the recruitment of almost all other SAC components to kinetochores (Heinrich et al., 2012) . Mps1 is a widely conserved protein kinase that localizes at unattached kinetochores in early mitosis. It took a long time for the crucial substrate of Mps1 to be identified, but very recently, three independent groups showed that the kinetochore protein KNL1/Spc105/Spc7 is a conserved substrate of Mps1 in budding yeast, fission yeast and human cells ( Fig. 7 ; London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012) . Mps1 phosphorylates KNL1 at multiple sites, mainly at conserved MELT repeats, and this phosphorylation recruits the Bub1-Bub3 complex to kinetochores. Bub1 and Bub3 are also conserved SAC proteins and form a tight complex throughout the cell cycle. Kinetochore-associated Bub1-Bub3 is required for the localization of other SAC proteins, Mad1 and BubR1/Mad3. Mad3 interacts with the Bub1-Bub3 complex and thereby localizes to kinetochores (Fig. 7) . In contrast, the underlying molecular mechanism of the kinetochore localization of Mad1 remains unclear. Kinetochore-associated Bub1-Bub3 is necessary, but not sufficient, for Mad1 localization at kinetochores, and this localization requires Mps1 (Yamagishi et al., 2012) . Elucidating how Mad1 is targeted to kinetochores is the essential next step to full understanding of the mechanisms of SAC activation. Although the recruitment of Mps1 to unattached kinetochores might be the most upstream event in SAC activation, it is unknown how Mps1 detects unattached kinetochores. A recent study in fission yeast showed that the kinase activity of the Aurora B homolog Ark1 is required for the kinetochore localization of Mph1 and for SAC activation ( Fig. 7 ; Heinrich et al., 2012 ). An attractive model is that Aurora B phosphorylates substrates at microtubule binding sites to destabilize kinetochoremicrotubule attachment, and that the phosphorylated substrates simultaneously become docking sites for Mps1. In support of this scheme, the microtubule-binding domain of Ndc80, which is phosphorylated by Aurora B, Fig. 7 . The Mph1-Spc7-Bub1 pathway required for SAC activation. In the presence of unattached kinetochores in early mitosis, Mph1/ Mps1 localizes at kinetochores in a manner dependent on Aurora B, and phosphorylates Spc7/Knl1/Spc105. This facilitates recruitment of the Bub1-Bub3-Mad3/BubRI complex to the kinetochores. Sub sequently, the Bub1 complex can recruit Mad1 and Mad2, and these complexes then activate SAC. Mph1 is also required for Mad1 kinetochore localization independent of the Bub1 complex. Scaffold proteins of Mph1 and Mad1 at unattached kinetochores remain unknown.
is required for the kinetochore localization of Mps1 in human cells (Martin-Lluesma et al., 2002; Saurin et al., 2011; Nijenhuis et al., 2013) . Although a recent study has shown that the known phosphorylation sites in the Ndc80 N terminus do not contribute to Mps1 kinetochore targeting (Nijenhuis et al., 2013) , phosphorylation at other sites in Ndc80 or other kinetochore proteins might be important for Mps1 targeting.
Concluding remarks
Recent progress in kinetochore studies has identified a nearly complete list of kinetochore components, and revealed many aspects of kinetochore function and regulation. However, many unanswered questions remain. How is kinetochore assembly regulated during DNA replication? How is cohesion at the core centromere established specifically in meiosis I? How does the SAC distinguish between attached and unattached kinetochores? The common view is that budding yeast and fission yeast have contributed cooperatively for the study of kinetochores. In particular, a recent study in budding yeast succeeded in purifying kinetochore particles that contain all the major kinetochore proteins and retain the key functions of native kinetochores (Akiyoshi et al., 2010) . For the present, yeasts may remain the major model organisms used to answer fundamental questions about the kinetochore.
